Background and Purpose-Mortality after stroke remains high for years, mostly because of cardiovascular causes. Given that cardiovascular pathology plays an important role in causing the initial stroke, such prestroke pathology might also influence the prognosis after stroke. Within the population-based Rotterdam Study, we examined the proportion of deaths after stroke that are attributable to pre-existent cardiovascular risk factors before stroke (the population attributable risk). Methods-We examined 1237 patients with first-ever stroke and 4928 stroke-free participants (between 1990 and 2012), matched on age, sex, examination round, and stroke date (index date). Cardiovascular risk factors measured on ≈4 years before index date were used as determinants. Participants were continuously followed up for mortality (≈6 years) after the index date. We calculated separate and combined population attributable risk of hypertension, total cholesterol, high-density lipoprotein-cholesterol, body mass index, diabetes mellitus, smoking, transient ischemic attack, and atrial fibrillation. Results-Nine hundred and nineteen patients with stroke and 2654 stroke-free participants died. The combined population attributable risk in patients with stroke was 27% (95% confidence interval, 14%-45%) and in stroke-free participants was 19% (95% confidence interval, 12%-29%). Population attributable risks of diabetes mellitus, smoking, and atrial fibrillation were higher in patients with stroke than in the reference group because of a higher prevalence of risk factors. In addition, people with atrial fibrillation and stroke had a higher hazard ratio for death than those with only atrial fibrillation. Conclusions-One quarter of deaths after stroke could theoretically be prevented with rigorous cardiovascular prevention and treatment, but this should preferably start before stroke occurrence. In addition, research into factors explaining the remaining deaths needs to be encouraged. 
S
troke is the second leading cause of death worldwide. 1 Many patients die in the acute phase after stroke, 2 but the risk of death remains high for years, particularly because of cardiovascular deaths. [3] [4] [5] [6] Accumulation of cardiovascular pathology is a slow process spanning many years, and it is likely that such pathology does not only cause stroke 7 but also plays a role in mortality after stroke. This could mean that preventive and therapeutic measures for cardiovascular health, which are often implemented after a stroke, 8 may be starting too late. Most studies investigating risk factors for mortality after stroke were performed in clinical settings among patients with stroke. [9] [10] [11] [12] [13] [14] [15] [16] In such settings, the influence of reverse causality cannot be disentangled from the true effect of these risk factors. In other words, a stroke itself induces changes in risk factors, such as blood pressure, cholesterol, and diabetes mellitus, which then are not a true reflection of their status before the stroke. [17] [18] [19] Therefore, the aim of our study was to examine the role of prestroke cardiovascular risk factors in mortality after stroke. We first calculated mortality rates in people with and without stroke. Subsequently, we estimated the impact of prestroke cardiovascular risk factors on the risk of mortality after stroke using the population attributable risk (PAR). This shows the maximum proportion of deaths that can theoretically be prevented with complete elimination of the cardiovascular risk factors, assuming that risk factors are causally linked and completely modifiable. 20 Furthermore, we compared this with the PAR in stroke-free participants.
Materials and Methods

Setting
This study was conducted within the prospective, population-based Rotterdam Study. Details on the objectives and design of the study have been described elsewhere. 21 In brief, baseline examinations started in 1990 among 7983 participants of ≥55 years residing in Ommoord, a suburb of Rotterdam, the Netherlands. Examinations took place every 3 to 4 years, which means participants were invited for a visit in 1990 to 1993, 1993 to 1995, 1997 to 1999, 2002 For the current study, participants with prevalent stroke (n=453) or who did not give informed consent for collection of follow-up information (n=238) were excluded. Consequently, 14 235 participants were at risk for stroke. The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus MC and by the Ministry of Health, Welfare and Sport of the Netherlands, implementing the Wet Bevolkingsonderzoek: ERGO (Population Studies Act: Rotterdam Study). All participants provided written informed consent to participate in the study and to obtain information from their treating physicians.
Assessment of Stroke and Mortality
History of stroke was assessed during the home interview at baseline and confirmed by reviewing medical records. 22 Strokes were defined according to World Health Organization criteria. 23 From baseline onward, participants were continuously followed up for stroke and death by automatic linkage of general practitioners' medical records with the study database. In addition, nursing home physicians' medical records, municipal records, and medical records from general practitioners of participants who moved out of the Ommoord district were examined on a regular basis. Potential strokes were reviewed by research physicians and verified by an experienced vascular neurologist.
Follow-up for stroke was complete for 96.3% of potential personyears and for vital status for 99.2% of potential person-years.
Assessment of Cardiovascular Risk Factors
History of smoking and medication use were assessed during the home interview. Smoking status was categorized as current, former, and never smoking. Physical examinations were performed during the visits at the study center. 24 Body mass index was calculated as weight divided by length squared. Underweight was defined as a body mass index <18.5. Hypertension was defined as a systolic blood pressure ≥140 mm Hg, a diastolic blood pressure ≥90 mm Hg, and the use of blood pressure-lowering medication with the indication hypertension. 25 Hypercholesterolemia was defined as a total cholesterol >6.2 mmol/L. 26 A low high-density lipoprotein-cholesterol (HDL-C) was defined as a HDL-C ≤1.0 mmol/L. 26 Diabetes mellitus was defined as a fasting glucose level ≥7.0 mmol/L, nonfasting glucose level ≥11.0 mmol/L, or the use of antidiabetic medication. 27 Occurrence of transient ischemic attacks and atrial fibrillation was assessed through active follow-up and verified using standardized definitions similar to the follow-up for stroke. 28, 29 However, follow-up for atrial fibrillation was only complete until 2010, which means that people with atrial fibrillation after 2010 were missed.
Statistical Analysis
Cardiovascular risk factors obtained during the closest available examination preceding the stroke were used for the analyses. In every visit, we had information about body mass index and smoking status. Cholesterol and glucose (necessary for diabetes mellitus status) were measured in each visit, except from the second center visit (1993-1995) of the first cohort. Blood pressure was also measured in each visit, but the hypertension variable including blood pressure medication with the indication of hypertension is not available for the fifth visit of the first cohort (2009) (2010) (2011) and the third visit of the second cohort (2011) (2012) . Therefore, information on these missing variables was obtained from a visit earlier. Participants were continuously followed up for the occurrence of transient ischemic attack and atrial fibrillation. Hence, the presence of transient ischemic attack or atrial fibrillation at any moment before stroke was used in the analysis.
To compare risks and risk factors of death between participants with stroke and a stroke-free group, we first defined an exposed group: all participants who had an incident stroke. For this exposed group, the at-risk time for mortality started at the stroke date. Then, we defined a nonexposed or stroke-free group. This nonexposed group consisted of 4 participants per stroke case, randomly matched to this case on age (within 1 year), sex, and visiting the same examination round, using an incidence density sampling approach. 30 This nonexposed group was free of stroke until the stroke date of their matched case (index date) and their at-risk time for mortality started at the index date. Note that participants could be included as nonexposed several times and could become exposed later on. Further of note, this is different from a case-control design.
We used Poisson regression to calculate age-and sex-adjusted mortality rates and rate ratios for people with and without stroke, starting at the index date. As sensitivity analysis we also calculated cardiovascular and noncardiovascular mortality rates separately.
Associations between prestroke cardiovascular risk factors and mortality after stroke were calculated using the Interactive Risk Attributable Program. 31 This program calculates hazard ratios (HRs) with 95% confidence intervals (CI) based on a Poisson model and enables the calculation of PARs with 95% CI. We provide logit transformed 95% CI accompanying the PARs as these are more easily interpretable and more stringent with regard to our combined PAR estimate. 32 The PAR is estimated adjusting for confounding using the following formulas:
where
and
with D=1 denoting presence of disease, X denoting exposure with i levels, and C denoting a confounder with j levels. We calculated the PAR for each risk factor separately and calculated the combined PAR. The combined PAR included the PARs that were associated with mortality in the expected direction, meaning that the HR was >1. PARs cannot be calculated for an HR <1 because this will result in a PAR that cannot be interpreted. 33 We checked the proportional hazards assumption by inspecting log minus log plots. Follow-up started at the index date. Information on the investigated cardiovascular risk factors was missing up to a maximum of 9.7% and was imputed based on the other covariates using multiple imputation with 5 imputation sets. The mean of these 5 imputation sets was used to implement in the Interactive Risk Attributable Program. In each model, we adjusted for age, sex, time between center date and index date, and for the categories of hypertension, cholesterol, HDL-C, body mass index, diabetes mellitus, smoking, and atrial fibrillation, if appropriate. As sensitivity analysis we also calculated the PARs for cardiovascular and noncardiovascular mortality. We explored potential effect modification by the presence of stroke by using an interaction term of the stroke status with the potential risk factor. Differences in prevalence of risk factors between participants with stroke and strokefree participants and between men and women were calculated using the χ 2 test. Interactions with sex were tested adding an interaction term of the dependent variable with sex.
All analyses were performed using Interactive Risk Attributable Program version 2.2 (US National Cancer Institute), IBM SPSS
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Statistics version 21.0 (IBM Corp., Armonk, NY) and SAS version 9.3 (SAS Institute Inc., Cary, NC).
Results
Characteristics of the Study Population
Of the 14 235 participants at risk for stroke who were followed up for a mean (±SD) of 9.6 (±6.0) years, 1325 participants had a stroke. Of these participants, 1243 had a center visit before the stroke. Because of old age, 6 of those participants could not be matched and another 8 stroke cases could only be matched to 1 or 2 stroke-free participants. Eventually, we had 1237 participants with stroke and 4928 participants without stroke eligible for analysis ( Figure 1 ). Because people could serve as control multiple times and could become case later in time, these control participants consisted out of 3377 study participants: 2079 were included only once, and 1298 were included multiple times, of whom 378 became a case later in time.
Mean age of patients with stroke was 79.9 (±8.7) years, 60.4% was women, and cardiovascular risk factors were measured for a mean of 3.7 (±3.2) years before stroke. Because of matching, these statistics were similar in people without stroke (Table 1) .
Mortality Rates
During an average 3. 
Population Attributable Risk
Patients with stroke had more often hypertension, low HDL-C, diabetes mellitus, previous transient ischemic attack or atrial fibrillation, and smoked more than stroke-free participants (Table 2) .
In patients with stroke strongest harmful associations were found for underweight (HR, 2.06; 95% CI, 1.05-4.03), diabetes mellitus (HR, 1.48; 95% CI, 1.24-1.75), atrial fibrillation (HR, 1.44; 95% CI, 1.21-1.70), current smoking (HR, 1.40; 95% CI, 1.15-1.72), and hypertension (HR, 1.07; 95% CI, 0.88-1.31). In combination with the prevalence, the most important modifiable risk factors were smoking (PAR, 0.13; 95% CI, 0.06-0.25), diabetes mellitus (PAR, 0.06; 95% CI, 0.04-0.10), atrial fibrillation (PAR, 0.06; 95% CI, 0.03-0.09), and hypertension (PAR, 0.06; 95% CI, 0.00-0.57). Smaller attributable risks were found for a low HDL-C (PAR, 0.02; 95% CI, 0.00-0.10) and being underweight (PAR, 0.01; 95% CI, 0.00-0.02). The total proportion of deaths that was attributable to these modifiable risk factors combined was 0.27 (95% CI, 0.14-0.45; Table 2 ).
In the reference population, the PARs of diabetes mellitus (0.03; 95% CI, 0.02-0.05), atrial fibrillation (0.03; 95% CI, 0.02-0.05), and smoking (0.05; 95% CI, 0.02-0.13) were lower than the PARs of participants with stroke. For diabetes mellitus and smoking, HRs were similar when compared with patients with stroke, but the prevalence of both was lower. For atrial fibrillation, both the prevalence and the HR were lower, although the HR was only borderline significant (HR, 1.27; 95% CI, 1.14-1.43; P for interaction=0.10). In participants without stroke, no attributable risk for underweight could be calculated, because of an inversed HR (HR, 0.75; 95% CI, 0.46-1.20; P for interaction=0.02). The PAR for hypertension was similar in the reference population (0.06; 95% CI, 0.02-0.19). In total, the proportion of deaths attributable to cardiovascular risk factors in the reference population was 0.19 (95% CI, 0.12-0.29; Table 2 ).
The risk of cardiovascular deaths attributable to cardiovascular risk factors was lower in patients with stroke (0.32; 95% CI, 0.15-0.55) than in the reference population (0.49; 95% CI, 0.37-0.61). In the reference population, we found that more cardiovascular deaths were attributable to hypertension, cholesterol, and body mass index, whereas in the stroke population more deaths were attributable to diabetes mellitus and atrial fibrillation (Table 3 ). In contrast, in patients with stroke, more noncardiovascular deaths were attributable to cardiovascular risk factors than in the reference population (PAR, 0.21; 95% CI, 0.05-0.55 in stroke population; PAR, 0.07; 95% CI, 0.02-0.22 in reference population; Table I in the online-only Data Supplement).
In Tables II and III in the online-only Data Supplement, the stratified analyses for men and women are presented. Men smoked more than women, and women with a low HDL-C had a higher risk of death after stroke than men. In total, the proportion of deaths attributable to cardiovascular risk factors was 0.29 (95% CI, 0.13-0.53) in men with stroke, 0.42 (95% CI, 0.29-0.57) in men without stroke, 0.25 (95% CI, 0.18-0.34) in women with stroke, and 0.14 (95% CI, 0.06-0.29) in women without stroke. Largest differences between men and women were found for hypertension. In men with stroke, more deaths were attributable to hypertension (PAR, 0.22; 95% CI, 0.07-0.52) than in men without stroke (PAR, 0.07; 95% CI, 0.01-0.28). In women with stroke, no deaths were attributable to hypertension, whereas in women without stroke, we found a PAR of 0.05 (95% CI, 0.01-0.29). In women, we found stronger PARs for diabetes mellitus, smoking, and a low HDL-C than in men, but only a low HDL-C had a significantly higher HR in women than in men.
Discussion
We found that participants with stroke had a long-term mortality rate that was 2-fold higher than stroke-free participants. This is partly because of cardiovascular risk factors already present before stroke because 27% deaths after stroke were attributable to these factors. In total, this was only 8% higher than in people without stroke. Deaths after stroke were mainly cardiovascular, but only 32% of those deaths were attributable to cardiovascular risk factors before stroke, compared with 49% in stroke-free participants. Nevertheless, attributable risks of diabetes mellitus and atrial fibrillation were almost twice as high in patients with stroke when compared with stroke-free participants for both all-cause and cardiovascular mortality.
Despite the changes in stroke treatment over the past decades with improvement of incidence and mortality rates, 22,34-36 the 2-fold higher mortality rate in patients with stroke than in stroke-free participants is similar to what was found a decade earlier [3] [4] [5] 12 and in young adults. 6 In other words, the improvement in healthcare of patients with stroke has not exceeded the improvement in healthcare experienced in the general population. Hence, the room for improving long-term prognosis after stroke remains substantial. An important contribution of our study is that we investigated and quantified to what extent pre-existent cardiovascular risk factors can contribute to poststroke survival.
Main risk factors for death after stroke in our study were smoking, diabetes mellitus, atrial fibrillation, and in men hypertension. Smoking and diabetes mellitus were previously also identified as risk factors, in a study examining factors before stroke, 37 as well as in studies that started at stroke onset and might be influenced by reversed causality. 10, 13, 14 Results with respect to atrial fibrillation were conflicting, some studies did find an increased risk of death, 11, 13, 16 other studies did not. 10, 14 Differences might be because of adjustments for severity, which could actually be a mediator in the pathway although 1 study found an effect independent from severity. 13 Hypertension was previously not found as an important risk factor, but the studies did not stratify for sex. 10, 13, 15, 16 A novelty of our study is that we measured PAR and compared this with a reference population. Although cardiovascular risk factor management is an important cornerstone of treatment after stroke, 8 we found that one quarter of deaths after stroke is attributable to cardiovascular risk factors. An explanation might be that pathological changes leading to those deaths were already present before the stroke, which is supported by the fact that the risk factors were measured years before the stroke. Aggressive risk factor control after stroke might, therefore, be too late. Yet, the proportion of cardiovascular deaths attributable to cardiovascular risk factors was lower in the stroke population than in the reference population.
To properly interpret these results, a few considerations need to be taken into account. First, the stroke population had many more cardiovascular deaths than the reference population, which is obvious because stroke itself is a cardiovascular disease. Second, this larger number also means that the absolute number of cardiovascular deaths in patients with stroke caused by cardiovascular risk factors is higher than the reference population, even though the relative proportions (attributable risks) were inversed. Similar reasoning holds for the opposite difference in attributable risks for noncardiovascular mortality. A third consideration to properly interpret our findings on cardiovascular mortality is that patients with stroke are more aggressively treated after the index date compared with the reference population. That might have reduced some of the harmful effect of cardiovascular risk factors. More importantly, our findings emphasize that other factors too should be explored to understand the causes of death after stroke. This is further emphasized by the 73% of deaths that remain unexplained. Such novel factors may include other prestroke risk factors, for example, genetic factors; poststroke factors, for example, proper medical care, response to treatment, or frailty caused by the stroke; and characteristics of the stroke itself, for example hemorrhagic transformation or size of the stroke. 11, 38, 39 At the same time, we have to consider that the PAR for diabetes mellitus, smoking, and atrial fibrillation was almost twice as high in people with stroke than in stroke-free people. Differences in PAR can be caused by a difference in effect size or a difference in prevalence. 33 The PAR in our study was mostly driven by the higher prevalence of diabetes mellitus, smoking, and atrial fibrillation in people with stroke, probably because these factors are also important risk factors for the stroke itself. 40 Interestingly, we found effect modification of stroke for the effect of atrial fibrillation and underweight with stronger effect sizes for death in people with stroke than in people without stroke. This might be because of more severe strokes and more complications after stroke in people with atrial fibrillation. 41 For people with underweight, the increased risk of death after stroke might be because of frailty in combination with dysphagia. 37, 42 Underweight participants might be more vulnerable to undernutrition. Furthermore, they may reflect people with a high morbidity and increased risk of both stroke and death, for example, patients with cancer. This is supported by the finding that especially noncardiovascular deaths are attributable to underweight. However, because of low numbers these results have to be interpreted with caution.
Strengths of this study are the long follow-up, the availability of cardiovascular risk factors measured before stroke occurrence, which avoids reversed causality, and that we could compare people with stroke to a reference population from the same study population. This study also has some limitations. For instance, the PAR might be an overestimation of the amount of deaths that could be prevented, as for some risk factors optimal treatment cannot completely reduce the harmful effect. 40, 43 Irreversible damage might already have occurred before starting of the optimal treatment. Moreover, we only used a single measurement of the cardiovascular risk factor before stroke, while the long-term pattern (ie, trajectory) of a risk factor before and after stroke might further influence the risk of dying. However, we were interested in the effect of prestroke risk factors on death after stroke and adding poststroke information might obscure this effect. We also missed information about physical activity, which is an important risk factor for stroke 44 and possibly for stroke mortality. 37 So our estimates might be an underestimation of the effect of cardiovascular risk factors. Another limitation is that we did not measure severity of stroke, which is an important risk factor for mortality. 11 This could have led to some residual confounding. However, severity is likely to be an intermediate as well in the causal pathway and adjusting might in fact lead to overadjustment. Furthermore, not all participants with stroke (6.2%) had visited our research center before the stroke occurred. This could have led to selection bias if patients who did come to the center were more healthy. A final consideration is that we had missing values ≤9.7% per variable. We imputed these missing values to prevent selection bias, but this might have led to some misclassification. Furthermore, atrial fibrillation follow-up was only complete until 2010. This could have led to misclassification in participants with an index date after 2010 because their atrial fibrillation status was outdated.
Summary
The long-term risk of mortality after stroke remains increased and is almost twice as high when compared with people without stroke. One quarter of stroke deaths might be prevented with optimal cardiovascular prevention and treatment of mainly diabetes, atrial fibrillation, and smoking, starting before stroke. These findings underline the importance of primary prevention because it does reduce not only the risk of stroke but also its long-term prognosis. At the same time, equally important, our findings indicate the need of finding factors that explain the remaining three quarter of deaths and doubled the risk of death in people with stroke when compared with those without stroke because it cannot be explained by cardiovascular risk factors only. n = number of deaths, N = number at risk; HR = hazard ratio; PAR = population attributable risk; HDL = high-density lipoprotein; BMI = body mass index; TIA = transient ischemic attack; NA = not applicable because the HR is smaller than 1. Values are hazard ratios (95% confidence intervals) or population attributable risks (95% confidence intervals). Adjusted for age, sex, time between center visit and index date, and for the categories of hypertension, cholesterol, HDL cholesterol, BMI, diabetes mellitus, smoking, and atrial fibrillation, if appropriate. *Statistically different between persons with and without stroke (p<0.05).
†Statistically different between men and women (p<0.05). n = number of deaths, N = number at risk; HR = hazard ratio; PAR = population attributable risk; HDL = high-density lipoprotein; BMI = body mass index; TIA = transient ischemic attack; NA = not applicable because the HR is smaller than 1. Values are hazard ratios (95% confidence intervals) or population attributable risks (95% confidence intervals). Adjusted for age, sex, time between center visit and index date, and for the categories of hypertension, cholesterol, HDL cholesterol, BMI, diabetes mellitus, smoking, and atrial fibrillation, if appropriate. *Statistically different between persons with and without stroke (p<0.05).
†Statistically different between men and women (p<0.05). Age-and sex adjusted cardiovascular mortality rates (left) and non-cardiovascular mortality rates (right).
